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Abstract 

In the last years there have been extraordinary advances in the development of gold-catalyzed cycloaddition processes. In this 
review we will summarize some of the most remarkable examples, and present the mechanistic rational underlying the transforma- 
tions. 



Introduction 

In modern organic synthesis, the criteria of efficiency, versa- 
tility, economy and ecology are of paramount importance [1]. 
Consequently, nowadays there is an increasing demand for the 
development of methods and strategies that allow the transfor- 
mation of readily available precursors into target-relevant prod- 
ucts in a rapid, economical and efficient manner. Cycloaddition 
reactions are among the synthetic tools that best fit these 
criteria, because by allowing the generation of at least two 
bonds and one cycle in a single operation, they produce a rapid 
increase in skeletal and also stereochemical complexity, and this 
is usually beneficial in terms of shortening the access to poly- 
cyclic products. Importantly, they generally involve the simple 
addition of two or more molecules, thereby being atom econom- 



ical, and take place with high regio- and stereocontrol [2,3]. 
Unfortunately, the realm of classical cycloaddition reactions is 
relatively small and restricted to precursors presenting suitable 
electronic properties. In this regard, transition metal complexes, 
owing to their multiple coordination and activation properties, 
offer excellent opportunities for the discovery of new cycload- 
dition alternatives, and in many cases they can be used in a 
catalytic manner. 

Although transition metal-catalyzed cycloadditions have been 
known since the mid-20th century, it was not until the 80s and 
90s that they were recognized as versatile and powerful syn- 
thetic tools. So far, most examples of transition metal-catalyzed 
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cycloadditions have involved the use of rhodium, ruthenium, 
cobalt, nickel or palladium catalysts [4]. In recent years, 
however, platinum and particularly gold complexes have also 
emerged as excellent catalysts for the promotion of novel t5q5es 
of cycloaddition reactions, usually involving non-activated 
unsaturated systems (e.g., alkynes, allenes, alkenes or 1,3- 
dienes) [5-12]. 

Today it is well known that the excellent reactivity of these 
group- 1 1 catalysts can in part be explained in terms of rela- 
tivistic effects, particularly marked in the case of gold [13,14], 
that induce the contraction of 6s and the expansion of 5d 
orbitals. As a consequence this metal exhibits singular charac- 
teristics, such as a high carbophilicity, affinity for 7i-unsatu- 
rated systems (e.g., alkynes, alkenes or allenes), and a low 
propensity to participate in typical redox processes character- 
istic of other transition metal catalytic cycles (e.g., oxidative 
additions and reductive eliminations). Therefore, platinum(ll) 
and particularly gold(I) or (111) complexes tend to activate 
alkynes, alkenes or allenes in a highly chemoselective manner; 
activation that opens interesting reaction pathways that usually 
involve carbocationic intermediates. Also very important is the 
possibility of modulating the properties of the metal through 
modification of its ancillary hgands (e.g., phosphines, Af-hetero- 
cyclic carbenes, etc.), which considerably widens the potential 
and versatility of these catalysts, and in particular of those 
consisting of cationic gold(I) complexes (e.g., ligand-Au^). 

In this context, a number of research groups have in recent 
years embarked on the design and development of new cycload- 
dition reactions promoted by gold(I) and (III) catalysts, and 
hence the field has experienced a remarkable expansion. In the 
following section, we summarize some of the most recent 
contributions, organized according to the type of unsaturated 
system that is initially activated by the electrophilic gold com- 
plex [12]. 



Related Pt-catalyzed cycloadditions will only be mentioned 
when required in the context of a particular gold-catalyzed 
process, or to highlight the differences between these 
carbophilic catalysts. On the other hand, dipolar cycloaddition 
reactions in which the gold complex does not activate 7i-bonds, 
but rather behaves as a more conventional Lewis acid, are not 
discussed [15-17]. 

Review 

Cycloadditions initiated by gold-activation of 
alkynes 

Many examples of homogeneous catalysis employing gold 
complexes exploit the ability of these metal catalysts to bind 
chemoselectively to C-C triple bonds, promoting a subsequent 
attack of a nucleophile on these activated unsaturated systems. 
Although these metal carbophilic catalysts also coordinate to 
alkenes, dienes and allenes in a similar way [18-22], nucleo- 
philes seem to have a kinetic preference for attacking activated 
alk5aiyl systems, which warrants high chemoselectivities. 

Based on this reactivity pattern, several groups have demon- 
strated that certain substrates containing an alkyne and a car- 
bonyl unit can be transformed, under Au(I/III) catalysts, into 
gold-containing zwitterionic intermediates that undergo 
different types of cycloaddition reactions with alkynes, alkenes 
or other unsaturated groups present in the reaction media. The 
cycloaddition usually generates a metal carbene that evolves 
through different pathways depending on the catalyst and on the 
reaction components. The reaction therefore can provide a 
variety of interesting polycyclic systems. 

For example, Yamamoto reported in 2002 a AuCl3-catalyzed 
formal (4 + 2) [23] benzannulation between or?/!o-alkynylbenz- 
aldehydes of type 1 and alkynes (Scheme 1) [24,25]. The mech- 
anism proposed by the authors involves an initial 5-endo 
nucleophilic attack of the carbonyl moiety on the metal-aUsyne 




Scheme 1: AuCls-catalyzed benzannulations reported by Yamamoto. 

L_ . . . . . , . . 
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complex to generate a carbonyl ylide intermediate I, which 
undergoes a regioselective (4 + 2) cycloaddition with the 
external alkyne. A subsequent elimination process on the 
resulting intermediate II accounts for the formation of the naph- 
thyl ketone products 2, which were isolated in good yields. 
More recently, in 2004, Straub and coworkers reported a DFT 
study on these cycloadditions that led them to propose a modifi- 
cation of the aforementioned mechanistic pathway [26]. 
According to the theoretical data, the formal (4 + 2) cycloaddi- 
tion would indeed comprise a two-step process consisting of a 
dipolar (3 + 2) cycloaddition of the carbonyl ylide I to afford a 
carbene species III [27,28], followed by a 1,2-alkyl migration 
to yield the previously suggested intermediate II (Scheme 1). 

The synthetic utility of these cycloadditions has also been 
explored, and recently an intramolecular version was applied to 
the synthesis of the angucyclinone antibiotics, (-l-)-ochromyci- 
none and (H-)-rubiginone B2 [29-32]. 

Closely related dipolar cycloadditions involving zwitterionic 
intermediates similar to I have also been developed with other 

transition metal catalysts such as tungsten, rhodium or platinum 
[32-35]. In particular, important developments were recently 
achieved with platinum catalysts [36,37], including the first 
enantioselective examples of these type of cycloadditions 
promoted by a chiral cationic platinum-diphosphine catalyst 
[38]. 

In contrast to these examples that proceed through an initial 
endo-dig cyclization and generate gold-carbonyl ylide species, 
the group of Liu recently demonstrated that it is also possible to 



produce alternative, reactive, zwitterionic intermediates of type 
IV through an exo-dig cyclization process when using l-oxo-5- 
ynes such as 3 and a cationic gold complex prepared in situ 
from P(^Bu)2(o-biphenyl)AuCl (Aul) [39] and AgNTf2 [40]. 
These dipolar intermediates undergo a cycloaddition 
with an external vinyl ether 4, leading to interesting 9-oxabi- 
cyclo[3.3.1]nona-4,7-dienes 5 in good yields (Scheme 2). In 
view of the highly stereoselective outcome of these reactions 
and the requirement of an alkoxy or acyloxy group at the 
propargylic position of 3, the authors proposed a reaction 
pathway based on an initial (3 + 2) dipolar cycloaddition 
between the carbonyl ylide IV and the alkene, followed by a 
ring expansion (1,2-alkyl migration) that is assisted by the oxy 
group and generates the oxonium intermediate V (Scheme 2). A 
final elimination process regenerates the catalyst and affords the 
oxacyclic product 5. Importantly, the reaction also proceeds 
with non- aromatic l-oxo-4-alkoxy-5-ynes [40]. 

Curiously, when the substrate features an internal alkyne, such 
as in alkynyl acetate 6, the reaction evolves through alternative 
mechanistic pathways [41]. In particular, Liu showed that in 
these cases, the gold activation of the alkyne promotes a 1,3- 
acyloxy shift that leads to ketone allenic intermediates of type 
VI (Scheme 3) [42,43]. Then, an intramolecular attack of the 
carbonyl group on the activated allene generates a benzo- 
pyrilium intermediate (VII) which undergoes a concerted and 
highly stereoselective (4 + 2) cycloaddition with the vinyl ether 
to yield, after the elimination of the gold catalyst, highly substi- 
tuted oxacyclic systems 7 in good yields and with notable dia- 
stereoselectivities. Importantly, this reaction tolerates a wide 
range of vinyl ethers, and different substituents at the ketone 
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and alkyne units, as well as a variety of substituents at the 
aromatic ring of 6. 

During the last few years, the groups of J. Zhang and L. Zhang 
have independently described alternative procedures to trans- 
form substrates that incorporate carbonyl and alkyne units into 
polar intermediates that undergo subsequent intermolecular 
annulations with diverse partners. 

For example, in 2008, L. Zhang and coworkers demonstrated 
that a series of l-(l-alkynyl)cyclopropyl ketones 8, previously 
used by Schmalz for the synthesis of furans [44], can be used as 
precursors of reactive intermediates (VIII) that participate in 
(4 + 2) annulations with polarized alkenes such as indoles, 
carbonyls, imines or silyl enol ethers [45]. Thus, different types 
of 6-membered carbocycles and heterocycles were prepared in 
good yields and notable regioselectivities. An example of these 
annulations, using indoles as two carbon cycloaddition partners 
and IPrAuNTf2 as catalyst [Au2, IPr = bis(2,6-diisopropyl- 
phenyl)], is shown in Scheme 4. The reaction is initiated by a 
5-endo-dig cyclization of the carbonyl oxygen onto the Au-acti- 
vated C-C triple bond, giving rise to the oxocarbenium inter- 
mediate VIII. The authors proposed that these intermediates 
formally behave as an all-carbon 1 ,4-dipole that intermolecu- 
larly reacts with the indole providing the final polycyclic furan 
adducts 9 in a regioselective fashion (Scheme 4) [46]. 

In 2009, J. Zhang reported a gold(I)-catalyzed tandem cycliza- 
tion/(3 -I- 3) cycloaddition of related 2-(l-alkynyl)-2-alken-l- 



ones 10 with nitrones [47]. The reactions provided a very prac- 
tical entry to bicyclic oxazine derivatives 11, which were 
obtained in good yields and excellent sclcctivitics (Scheme 5). 
A plausible mechanism, proposed by the authors, consists of an 
initial activation of the alkyne group of 10 by the carbophilic 
gold catalyst (Ph3PAuCl/AgOTf), followed by an intramolec- 
ular cyclization that generates the furanyl-gold complex IX. 
This intermediate is then trapped by the nucleophilic oxygen 
atom of the nitrone to afford X, which eventually evolves to the 
final cycloadduct by means of an intramolecular cyclization 
reaction, which generally proceeds with diastereoselectivities 
higher than 95:5 (Scheme 5). Interestingly, these cycloaddi- 
tions can also be carried out in a highly enantioselective fashion 
using any of the bis(gold) complexes derived from (i?)-Ci- 
tunephos [Ll(AuCl)2] or (ie)-MeO-dtbm-biphep [L2(AuCl)2], 
with the former being slightly more efficient in certain cases 
(Scheme 6) [48]. 

If instead of a nitrone, a nucleophilic a,|3-unsaturated imine is 
used as the second cycloaddition component, furo[3,4- 
cjazepines such as 12 can be obtained [49]. An example of 
these cycloadditions is shown in Scheme 7. The mechanistic 
pathway proposed by the authors is also based on the intercep- 
tion of the furanyl-gold complex IX (see Scheme 5) by the 
nucleophile (the unsaturated imine), which is now followed by a 
2,7-cyclization process and a ring cleavage to yield a furanyl 
intermediate featuring an iminium ion (XI). This species under- 
goes an intramolecular cyclization to yield the observed azepine 
product, and regenerates the gold catalyst. 
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( 4: Gold-catalyzed synthesis of polycyclic, fully substituted furans from 1-(1-alkynyl)cyclopropyl ketones [45]. 
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^ Scheme 5: Gold-catalyzed 1,3-dipolar cycloaddition of 2-(1-alkyriyl)-2-alken-1-ones with nitrones |47]^ 



Very recently, the same group reported a related gold-triggered 
formal (4 -I- 3) cycloaddition between nitrones and 1-(1- 
alk;ynyl)oxiranyl ketones 13 [50]. The method provides hetero- 
bicyclic products of type 14 in a highly diastereoselective 
fashion. In these reactions, the gold complex Au3, derived from 
the bulky biaryl phosphine ligand RuPhos, provided the best 
reaction yields (Scheme 8). From a mechanistic point of view. 



the authors proposed an initial nucleophilic attack of the car- 
bonyl oxygen on the gold(I)-activated alkyne to form a 
vinyl-gold intermediate XII, analogous to that previously 
shown in Scheme 5 (IX). Aromatization of this intermediate 
through C-C bond cleavage of the oxirane unit, followed by ad- 
dition of the nitrone, delivers intermediate XIII, which evolves 
to the fmal cycloadduct by ring closure through a favored chair- 
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Scheme 6: Enantioselective 1 ,3-clipolar cycloaddition of 2-(1-alkynyl)-2-alken-1-ones with nitrones [48]. 





like conformation. An attack of tlie nitrone on intermediate XII, 
to directly generate species XIII, has also been proposed as an 
alternative pathway. 

Common to all these reported cycloadditions is the initial 
nucleophilic addition of a carbonyl oxygen to the alkyne. As 
expected, an imine can also be used as a nucleophile, such as 
15, which leads to the generation of an azomethine ylide 
capable of participating in dipolar (3 + 2) cycloadditions to 
unsaturated systems such as electron-rich aUcenes. Examples of 
these cycloadditions, originally reported under tungsten catal- 
ysis [51], have been recently reported by Iwasawa with Au(III) 



and Pt(II) catalysts [52], allowing the assembly of interesting 
tricyclic indole skeletons 16 in good yields (Scheme 9). 

In 2008, Shin and coworkers reported an alternative procedure 
for the generation and subsequent cycloaddition of azomethine 
ylide intermediates under gold catalysis. Importantly, they 
demonstrated that the intramolecular attack of a nitrone oxygen 
to a tethered gold-activated alkyne leads, by means of an 
internal redox reaction, to an a-carbonyl carbenoid tethered to 
an imine group (Scheme 10). A subsequent attack of this imine 
to the carbenoid generates the reactive azomethine ylide inter- 
mediate XIV, which undergoes a (3 + 2) dipolar cycloaddition 
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Scheme 9: (3 + 2) Cycloaddition of gold-containing azomethine vlides [521. 
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with an intramolecularly tethered alkene or alkyne. Thus, 
interesting azabicyclo[3.2.1]octane skeletons 18 could be 
obtained in a highly diastereoselective fashion, in good yields 
and in excellent atom-economy [53,54]. 

The above reactions involve an initial attack of a heteroatom on 

gold-activated alkynes. However, it is also possible to induce 
alternative cycloaddition reactions of alkynes that start by addi- 
tion of a 7t-carbon nucleophile instead of a heteronucleophile. 
For instance it has been shown that it is possible to achieve 
gold-catalyzed formal intramolecular (4 + 2) cycloadditions 
between alkynes and non-activated dienes such as 19 (e.g.. 
Scheme 11) [55]. This type of cycloaddition has been classi- 
cally promoted by other metal complexes such as Rh [56], Ru 
[57], or Ni [58], among others, that are metals that usually 
promote reaction pathways via metallacyclic intermediates in 
which the metal atom undergoes redox changes. In the case of 
the gold-catalyzed process the mechanism does not involve a 



change in the oxidation level of gold. Indeed, it has been 
proposed that the alkyne activation promotes a cyclization that 
generates a key cyclopropyl carbene intermediate of type XV. 
This intermediate evolves to the final cycloadduct 20 through a 
rearrangement process in which the gold catalyst is regenerated. 

When using a dienol silyl ether such as 21 (Scheme 12) as the 
diene component, the formation of the (4 + 2) products can be 
justified in terms of an alternative mechanism consisting of a 
5-exo nucleophilic attack of the silyl enol ether moiety on the 
electrophilically activated alkyne, followed by addition of the 
generated alkenyl metalhc species to the a,|3-unsaturated silyl 
oxonium moiety, to give a bicyclic carbene intermediate XVI 
[59]. These species, which do not incorporate an a-hydrogen 
atom that could participate in a 1 ,2-hydrogen shift process, 
evolve through a 1 ,2-alkyl migration to give the ring-expanded 
products 22, formally (4 + 2) cycloadducts. Interestingly, the 
stereoselectivity of these products is different from that of the 
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X = C(C02Me)2, NTs, O; = alkyi or aryl 

Scheme 10: Gold-catalyzed generation and reaction of azometliine 



thermal Diels-Alder adducts that result when the substrates are 
heated under reflux in toluene. 

The use of l-aryl-l,6-enynes such as 23 and cationic Au(I) cata- 
lysts also allows one to perform a complementary type of 
formal (4 + 2) cycloaddition reaction (Scheme 13). In these 



reactions, developed by Echavarren and coworkers, the inter- 
mediate carbene species of type XVII evolves through ring- 
opening of the cyclopropanic unit followed by a Friedel-Crafls- 
type cyclization, which completes the catalytic cycle and regen- 
erates the gold catalyst [39,60]. 

Interestingly, small changes in the substitution of the alkene, or 
the use of other catalysts, such as PtCl2 (under a CO atmos- 
phere), affect the result of the annulation, such that it is now 
possible to induce (2 -I- 2) instead of (4 -I- 2) cycloadditions [61]. 
Very recently, Echavarren and coworkers reported an intermol- 
ecular variant of this type of (2 + 2) alkyne-aUcene cycloaddi- 
tion reaction (Scheme 14) [62,63]. 

A less common annulation is the intramolecular (6 + 2) cyclo- 
addition between non-activated alkynes and a cycloheptatriene. 
These cycloadditions were previously reported in the context of 
a stoichiometric chromium(O) activation of the triene unit [64]. 
The use of AUCI3 or PtCl2 rendered the reaction catalytic [65]. 
The mechanism entails a stepwise exo-cyclization of the cyclo- 
heptatriene onto the gold-activated alkyne, and ring closure of 
the resulting pentadienyl cation species (XVIII) to give the 
final tricyclic adducts in good yields. Although PtCl2 is the 
most efficient catalyst for these intramolecular cycloadditions, 
the reaction of substrate 25 can also be performed with 5 mol % 
of AUCI3 at room temperature, resulting in good yield 
(Scheme 15). 
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Scheme 11: Gold-catalyzed intramolecular (4 + 2) cycloadditions of unactivated alkynes and dienes [55]. 
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Scheme 12: Gold-catalyzed preparation of bicyclo[4.3.0]nonane derivatives from dienol silyl ethers [59]. 

L_ . . . . 



1082 



Beilstein J. Org. Chem. 2011, 7, 1075-1094. 




P-Au-CI 




/AgSbFe, ... 



Ri and/or = alkyi, aryl; = OMe, CN. Ph, H, NO2, ... 
Scheme 1 3: Gold(l)-catalyzed intramolecular (4 + 2) cycloaddltions of arylalkynes or 1 ,3-enynes with alkenes [60]. 
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In addition to all of these cycloaddltions involving the participa- of Echavarren has recently developed a formal (2+2 + 2) 

tion of an alkyne and a second component, several gold- gold-catalyzed synthesis of interesting oxa-bridged 

catalyzed formal cycloaddltions of three different reaction bicyclo[5.3.0]decanes from 1,6-enyne precursors equipped with 

components have also been described. In particular, the group an appropriately tethered carbonyl group (27, Scheme 16) [66]. 



1083 



Beilstein J. Org. Chem. 2011, 7, 1075-1094. 




XIX XX 



Scheme 16: Gold-catalyzed cycloaddition of functionalized ketoenynes: Synthesis of (+)-orientalol F [68]. 




31—93% 

X = C(C02Me)2, NTs, C(S02Ph)2,... 
R'', R2 = alkyl, Ph, H 



Scheme 17: Gold-catalyzed intemnolecular cyclopropanation of 



In these processes, the carbonyl acts as a nucleophile, attacking 
the gold-cyclopropyl carbene intermediate XIX to generate an 
oxonium cation species of type XX. Finally, a Prins-like 
cyclization renders the oxatricyclic product 28 and regenerates 

the gold(I) catalyst. Importantly, this strategy was successfiilly 
applied as a key step in the synthesis of oricntalol F 
(Scheme 16) and englerins A and B [67-69]. 

Alternatively, the use of an alkcnc instead of a carbonyl nucleo- 
phile allows one to trap the carbene gold(I) intermediate in a (2 
+ 1) cycloaddition process that renders dicyclopropyl products. 
Both, intra- and intermolecular variants of these reactions have 
been reported in recent years (Scheme 17) [70,71]. 

Finally, the activation of aUcynes with Au(I) has also been used 
recently to induce a hetero-dehydro Diels-Alder type of reac- 
tion. In particular, certain dienynes 29 with alkoxy groups at 
position 1 undergo a (4 + 2) cycloaddition with nitriles in the 
presence of cationic gold catalysts, such as EtsPAuCl/AgSbFg, 
to give tetrasubstituted pyridines 30 in good yields (Scheme 18) 
[72]. 



Cycloadditions initiated by gold-activation of 
propargyl esters 

These cycloadditions are a special case of those based on the 

activation of alkynes and deserve a separate discussion due to 
their relevance, wide versatility, and mechanistic peculiarities. 



Me02C /= 




R'' = aryl or alkyi; = alkyi, vinyl, 2-furyl, 



EtsPAuCI/AgSbFg 
(5 mol %) 

CI(CH2)2CI, 85 °C 




MeOzC ^o-^^.^k^., 
R2 N OMe 

30, 55-75% 



Scheme 18: Gold-catalyzed intermolecular tietero-detiydro Diels-Alder cycloaddition [72]. 

L_ . . . . 



1084 



Beilstein J. Org. Chem. 2011, 7, 1075-1094. 



Propargyl esters, usually acetates, are prone to undergo 1,2- or 
1 ,3-acyloxy migrations in the presence of gold catalysts. The 
migration process begins with the nucleophilic intramolecular 
attack of the carboxyl unit on the metal-activated alkyne com- 
plex XXI. When a terminal alkyne is used (Figure 1 , R = H), 
the 1,2-migration of the acetate moiety is preferred, affording 
an alkenyl-gold carbenoid species of type XXIII. In contrast, 
internal alkynes typically experience a 1 ,3-acyloxy migration 
rendering allenyl acetates of type XXII (Figure 1, R 7^ H), 
species which can be additionally activated by the metal cata- 
lyst to afford a wide range of gold-catalyzed transformations. 
Theoretical studies showed that all these species are in rapid 
equilibrium and the reactivity of the system depends not only on 
the substrate but also on the particular type of gold catalyst that 
is employed [73]. 

Several groups, in particular the group of Toste, have exploited 

the chemistry of these systems to develop new types of cycload- 
dition reactions [74-76]. For example, they showed that it is 



possible to trap the intermediate gold carbenoids of type 
XXIII', resulting from 1,2-acyloxy migration on propargyl 
esters such as 31 (pivalates, acetates or benzoates), with 
external alkenes. Usually, the reactions are highly stereoselec- 
tive, predominantly affording the cw-cyclopropanic adduct 32. 
Moreover, the reaction tolerates a wide range of olefin substitu- 
tions (from mono- to tetra-substituted alkenes) and can be 
performed, in some cases, with excellent enantioselectivity 
using bis(gold) complexes derived from DTBM-Segphos 
(Scheme 19) [74-76]. 

Additionally, Toste and coworkers also described the reaction 
of propargylic benzoates with a,P-unsaturated imines to give 
azepine products 35 with excellent yields [77]. The formal 
(4 + 3) cycloaddition takes place in three basic stages: 1) Gener- 
ation of the gold carbenoid by a 1 ,2-acyloxy migration, 2) 
attack of the imine on these electrophilic species to give an 
allyl-gold intermediate XXIV, and 3) final intramolecular 
cyclization to give the seven-membered heterocycle, a process 



.OAc 



XXII 



R 




1,3-OAc migration 

R#H [MJ R=H 

XXI 

metal-activated 
complex 



R1 

0-^0 



r2^ [Au]* 



MeN02, rt 



H 




OCOR^ 



[Au]^ 



31,R1 =Me, f-Bu, Ph 



R2^ 




R2 



OCOR^ 



XXIII' 



32, 48-85% 
cis: trans = 1.2:1 to 20:1 



[Au]+: PPhaPAuCI/AgSbFe (5 mol %) or 

P(Ar)2-AuCI o/^yAgSbFe (5 mol %) 

0~-,,,^?\/P(Ar)2-AuCI 

( 

Ar= 3,5-<-Bu-4-(CH30)-C6H2 

(R)-DTBM-Segphos(AuCI)2: up to 85% ee (R^ = t-B\j, = 2,6-Me-4-f-Bu-Ph) 
Scheme 19: Gold(l)-oatalyzed stereoselective olefin cyclopropanation [74]. 
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Scheme 20: Reaction of propargylic benzoates with a,|3-unsaturated imines to give azepine cycloadducts [77]. 



that occurs with high diastereoselectivity. Critical for the 
success of this reaction is the use of the picolinic acid-derived 
gold(III) catalyst Au7 (Scheme 20). 



well as the presence of several different substituents at the 
azomethine imine component. The picolinic acid-derived 
gold(III) catalyst Au7 provided the best results. 



This new gold-catalyzed transformation is somewhat related to 
those previously described by Doyle and by Barluenga that 
involved a,P-unsaturated imines and rhodium-vinyl carbenoids 
(Doyle) or Fischer carbenes (Barluenga). However, the stereo- 
chemical outcome of these three processes is different [78,79]. 
Therefore, the reactivity of gold species of type XXIII may be 
sometimes similar to that of other transition metal carbenoids or 
even to that of alkenyl Fischer carbenes. However, in many 
other cases, it is markedly different. For instance, while alkenyl 
Fischer carbenes act as two-carbon atom components in (3 + 2) 
cycloadditions with 1,3-dipoles [80], gold-carbenoids of type 
XXIII, generated from propargyl esters, can work as three- 
carbon synthons in cycloadditions with azomethine imines, also 
reported by Toste. An example is shown in Scheme 21 [81]. 
These (3 + 3) annulations take place through a stepwise mecha- 
nism related to that for the formation of azepines, consisting of 
a nucleophilic attack of the azomethine imines onto the inter- 
mediate alkenyl-gold carbenoid to afford an allyl-gold species 
XXIV', which evolves to the final adduct through a stereoselec- 
tive ring closure (Scheme 21). The scope of the method is rather 
broad, as it tolerates tertiary and secondary propargyl esters as 



On the other hand, allenyl acetates of type XXII, resulting from 
a 1,3-acyloxy migration of propargyl acetates can also partici- 
pate in myriad gold-catalyzed cycloaddition reactions [82]. In 
2006, Gagosz and co-workers reported a gold(I)-catalyzed 
isomerization of enynyl acetates such as 38 to afford 
bicyclo[3.1.0]hexenes 40 with excellent yields and stereoselec- 
tivities [83]. The authors demonstrated that these reactions are 
initiated by the 1,3-migration of the ester group to provide an 
allenyl ester intermediate 39, which could be isolated and 
further transformed into the final products under the same 
catalytic conditions [84]. Thus, the authors proposed that the 
gold(I) catalyst is able to activate these allenic intermediates in 
situ, triggering a stepwise intramolecular (3 + 2) annulation 
reaction with the pendant alkene. This cycloaddition provides a 
cyclic gold carbene species XXV, which is eventually trans- 
formed into the final bicyclic adduct by a 1,2-hydrogen shift, 
with concomitant regeneration of the gold(I) catalyst 
(Scheme 22). Although the authors did not catalogue this 
method as a cycloaddition reaction, it can be considered as a 
pioneering example of a formal gold-catalyzed (3 + 2) intramol- 
ecular cycloaddition reaction, occurring in a stepwise fashion. 



PK 



O 



Ph 



36 



OBz 




Au7 (5 mol %) 
CH2CI2, 0 °C 



o 

I^N. /[Au] 

>>^OBz 
Ph ^ ] 

XXIV 



Scheme 21 : Gold-catalyzed (3 + 3) annulation of azomethine imines with propargyl esters [81]. 
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Scheme 22: Gold(l)-catalyzed isomerization of 5-en-2-yn-1-yl acetates [83]. 



The group of L. Zhang also developed several annulation reac- 
tions of allenyl esters generated in situ by a metal-catalyzed Im- 
migration of propargyl precursors [85,86]. In particular, they 
showed that propargyl indole-3-acetates 41 undergo gold(I)- or 
platinum(II)-catalyzed 1,3-migration to acyloxy allenic esters 
42; compounds which evolve in situ in the presence of the same 
metal catalyst to give adducts resulting from formal (3 -i- 2) and/ 
or (2 + 2) annulation processes (Scheme 23). In the presence of 
Ph3PAuCl/AgSbF6, the (2 + 2) cycloaddition is favored 
furnishing 43 (upper arrow) [85]. However, when PtCl2 (under 
an atmosphere of CO) is used, the major products are 2,3-indo- 
linc-fuscd cyclopcntenes 44, which arise from a formal (3 + 2) 
cycloaddition (lower arrow) [86]. Thus, the appropriate choice 
of a Ft or Au catalyst determines whether the allenyl intermedi- 
ate 42 participates as a 2C- or as a 3C-atom component in the 
annulation. A precise explanation for this dichotomy has not 
been specifically addressed. 



Cycloadditions initiated by gold-activation of 
allenes 

Several gold catalysts can activate allenes in a very chemoselec- 
tive way, triggering different types of cycloaddition processes. 
We have seen in the previous section some examples of 
cycloadditions involving allenes, in particular with acyloxy 
allenes, generated in situ by activation of propargyl esters with 
gold and/or platinum catalysts. It is therefore reasonable to 
assume that other allenes can also participate in these or related 
cycloaddition reactions. Indeed, the group of Toste described in 
2007 a (2 H- 2) intramolecular cycloaddition reaction between 
allenes and alkenes by gold catalysis [87]. The proposed mecha- 
nism is based on an activation of the allene to give a cationic 
metal species which undergoes a cyclization to give a stabihzed 
carbocation XXVI, usually a benzylic cation (Scheme 24). A 
subsequent ring closure through the carbon adjacent to the gold 
atom provides the final cycloadduct 46, featuring a four 





Ri = H, Me, Bn 

r2, r3 = alkyi, aryl 

[M]: PhsPAuCI/AgSbFg or PtClz 



[M]: PhsPAuCI/ 
AgSbFe 

CH2CI2, 23 °C 
69-98% 
(2 + 2) 



^[M]: PtCl2 

CO (1 atm) 

toluene, 80 °C 

50-94% 

(3 + 2) 




Scheme 23: (3 + 2) and (2 + 2) cycloadditions of indole-3-acetates 41 [85,86]. 
t . . . 
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membered ring carbocycle. Importantly, these reactions could 
be rendered enantioselective with catalysts derived from 
DTBM-Segphos or, as recently demonstrated, with gold 
complexes derived from chiral phosphoramidites [88,89]. 



R R 

PhaPAuCI (5 mol %) ^ ^A~r 

AgBF4 (5 mol %)^ xW~~l 
^ CH2CI2, 23°C ^^TN. 



H 



45 



46, 80-92% 



X = C(C02Me)2, NTs, C(S02Ph)2, CH2 
R = alkyi, Ar = aryl 

|[Aur 




Also in 2007, L. Zhang and co-workers reported another formal 
intramolecular cycloaddition between alkenes and allenes, in 
particular a (3 + 2) cycloaddition between allenyl MOM ethers 
and alkenes (MOM = methoxymethyl, Scheme 25) [90]. The 
activation of these allenes by the dichloro(pyridine-2-carboxy- 
lato)Au(III) complex Au7 generates an oxocarbenium inter- 
mediate XXVII, which undergoes the (3 + 2) annulation with 
the alkene. The resulting bicyclo[3.1.0] species XXVIII, related 
to those previously proposed by Gagosz, evolves through a 
cyclopropane fragmentation and protodeauration to afford the 
products 48 in good yields and excellent stereoselectivities. 

Based on these and other reports demonstrating the ability of 
gold(I) and platinum(II) catalysts to induce reactions of allenes 
through cationic intermediates [91-94], we investigated the 
possibility of using allenes as allyl cation surrogates, such that 
they could participate in concerted [4C(43t) + 3C(2jt)] cycload- 
ditions with conjugated dienes, a similar process to those previ- 
ously reported between oxyallyl cations and dienes [95,96]. 
Initially, we found that PtCl2 was an excellent catalyst for 
promoting these intramolecular [4C + 3C] cycloadditions 
between 1,3-dienes and allenes (Scheme 26) [97]. DFT calcula- 
tions as well as experimental data agreed with a mechanistic 
pathway based on the metal activation of the allene to afford a 
metal-allyl cation intermediate of type XXIX, which subse- 
quently undergoes a concerted (4 + 3) cycloaddition reaction 
with the diene. The resulting metal carbene species (XXX) 
eventually evolves through a 1,2-hydrogen shift, leading to 
seven-membered carbocycles 50 and regenerating the catalyst 



OTMS 

RlJx^OMOM 

47 

R\ r2= alkyI 




CI 

Au7 (5 mol %) 

CH2CI2, rt 
44-99% yield 




[Au] 



OTMS 
Rl ^.OMOM 



R2 




[Au]- 



(3 + 2) 



TMSO 

[Au] 



XXVII 



H 



XXVIII 



Scheme 25: Formal (3 + 2) cycloaddition of allenyl MOM ethers and 
alkenes [90]. 



(PtCl2). In addition, DFT calculations suggested that gold cata- 
lysts could be even more active than PtCl2. Accordingly, the use 
of a cationic Au(I) catalyst containing a a-donating A'-hetero- 
cyclic carbene ligand (Au6/AgSbF5, Scheme 26) enabled these 
reactions at lower temperatures and increased the scope and 
synthetic utility of the process [98]. In general, the reactions are 
completely diastereoselective affording the products as a result 
of an exo-like approach of the allyl cation to the diene. The 
reaction tolerates a variety of substituents on the allene and the 
diene, providing a variety of bicyclo[5.3.0]decane systems in 
good yields. 

Other gold(I) complexes, such as that including a highly 
donating biaryl di-?ert-butylphosphine ligand Aul, also allow 
these cycloadditions, as recently reported by Gung and by Toste 
[99-101]. In particular, an interesting transaimular cycloaddi- 
tion was performed on the substrate 51 equipped with a furan 
(4C) and a propargyl acetate, which formally acts as an allene 
surrogate (Scheme 27). 

Curiously, the allenedienes 49, when disubstituted at the distal 
position of the allene, give rise to formal (4 + 2) cycloaddition 
products 53 when treated with a gold(I) catalyst bearing a 
n-acccptor ligand, such as a triarylphosphite (AuS/AgSbFg, 
Scheme 28) [98,99,102,103]. Several experimental results as 
well as theoretical calculations suggest that the observed (4 + 2) 
cycloadducts 53 are indeed the result of a ring contraction 
process (1,2-alkyl shift) in the initially formed 
cycloheptenyl-gold carbene intermediate XXX (Scheme 28). 
Thus, the ligand at gold determines the fate of this carbene and 
hence the formation of the (4 + 3) (50) or (4 + 2) (53) 
cycloadducts. 
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XXIX 
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[M] X^yN-R2 
temp. 

R3 



[4C + 3C] 




XXX 



Scheme 26: (4 + 3) Cycloadditions of allenedienes [97,98]. 
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Scheme 27: Gold-catalyzed transannular (4 + 3) cycloaddition reac- 
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Scheme 28: Gold(l)-catalyzed (4 + 2) cycloadditions of allenedienes 
[102]. 



Based on the electronic similarity between phosphites and phos- 
phoramidites, we also studied enantioselective variants of this 
cycloaddition using gold complexes derived from this highly 
versatile type of chiral ligand. We found that it was possible to 
obtain excellent enantioselectivities with gold complexes 
derived from bulky phosphoramidites with anthracenyl 
substituents at 3 and 3' positions of the binaphthol moiety (Au9, 
Scheme 29) [102]. Almost simultaneously, the group of Toste 
reported that related phosphoramidite-gold complexes, such as 
AulO, and the chiral gold catalyst Aull [104], derived from a 
C3-symmetric phosphite ligand previously developed by Reetz 
and coworkers [105], are also capable of inducing excellent 
enantioselectivities in these (4 + 2) cycloaddition reactions of 
allenedienes. More recently, the group of Fiirstner has also 
reported that Taddol-based phosphoramidite-gold complexes 
such as Aul2 (Scheme 29) are excellent catalysts for these 
(4 + 2) processes, as well as for the (2 + 2) cycloadditions of 
eneallenes such as those shown in Scheme 24 [88]. 

In addition to these allene-diene cycloadditions in which the 
type of gold catalyst determines whether the (4 + 2) or the 
(4 + 3) adduct is formed, Toste and Fiirstner independently 
reported additional examples confirming that, depending on the 
ancillary ligands at gold, the allenes can behave cither as 2C- or 
3C-componcnts in their intramolecular annulations to alkenes 
[99,106,107]. As previously shown in Scheme 24, the reaction 
of eneallene 45 with Ph3PAuCl/AgBF4 provides alkylidenecy- 
clobutanes 46, formally resulting from an internal (2 + 2) cyclo- 
addition [87]. However, in 2009, Toste demonstrated that, when 
a gold catalyst such as Aul/AgSbFg, with a more readily 
donating phosphine ligand is employed, the alternative (3 + 2) 
cycloaddition leading to bicyclo[4.3.0]nonanes 58 is favored 
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{R,R,R)-Au9 (S,S, S)-Au10 Au11 Au12 

R = alkyi, n =1 or2 R = Me or (CH2)4 R = Me or (CH2)4 or 5 Ar = 4-f-Bu-Ph 

X = NTs: 91-97% ee X = NTs: 99% ee X = C(C02R)2: 82-92% ee R = Me; X = NTs: 91 % ee 



Scheme 29: Enantioselective gold(l)-catalyzed (4 + 2) cycloadditions of allenedienes [88,102,104]. 



(Scheme 30) [99]. The authors propose stepwise mechanisms 
proceeding through a common cationic intermediate XXVI, 
which can evolve into the cyclopentyl cycloadducts via the 
species XXXI. Alternatively, when the benzylic carbocation in 



XXVI is intercepted by the carbon atom bearing the gold atom, 
the (2 + 2) adduct 46 is formed. Nonetheless, the formation of 
adducts 46 by a ring contraction process in intermediate XXXI 
cannot be fiilly discarded. 



f-Bu 



'^P— Au-CI 




XXXI XXVI XXXII 

X = NTs, C(C02Me)2; R = alky! 



Scheme 30: (3 + 2) versus (2 + 2) Cycloadditions of allenenes [87,99]. 
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More recently, Fiirstner and coworkers have further demon- 
strated this type of dichotomy depending on the electronic char- 
acteristics of the ligands at gold (Figure 2) [106]. In particular, 
they showed that the ;i-acceptor properties of NHC ligands such 
as 59 could be enhanced by introducing a second aromatic layer 
spanning the imidazopyridine-2-ylidene system, whereas the 
a-donating abilities of both ligands remain basically equivalent. 




59 60 
Figure 2: NHC ligands with different TT-acceptor properties [106]. 



As a consequence, the new cyclophanic NHC ligand 60 and the 
related imidazopyridine-2-ylidene analog 59, generate gold 
complexes that behave in a divergent maimer. While complex 
59-AuCl, containing a poor jt-acceptor ligand, is able to effi- 
ciently induce the (3 + 2) cycloaddition of eneallene 45 (R = 
Me, X = C(C02Me)2, Ar = Ph, « = 1, Scheme 30), a related 
catalyst with the cyclophanic NHC ligand (60-AuCl) afforded 
the (2 + 2) cycloadduct with high selectivity and good yield 
(Scheme 31). From a mechanistic point of view, the authors 
suggested that both catalysts initially provide the common inter- 
mediate XXVI (Scheme 30). Then, a cationic catalyst derived 
from 59-AuCl could favor the formation of the formal (3 + 2) 
cycloadduct via intermediate XXXI, that can also be inter- 



preted as a gold-stabilized carbocationic species. On the 
contrary, a more electron-deficient catalyst such as 60-AuCl/ 
AgSbFg could favor the formation of intermediate XXXII, in 

which a cationic center is not directly bound to the gold com- 
plex, therefore leading to the (2 + 2) adduct (Scheme 30 and 
Scheme 31). 

Importantly, the same NHC-Au complexes were also able to 
selectively induce either the (4 + 3) or the (4 + 2) cycloaddi- 
tions of allenedienes 49 (R^ R^ = Me, R^ = H, X = 
C(C02Me)2). These examples clearly demonstrate the possi- 
bility of modulating the electronic properties of reactive inter- 
mediates generated upon activation of allenes with Au(I) 
complexes, and thereby influence the reaction outcome. 

The development of intermolecular variants of gold-catalyzed 
cycloadditions with allenes remains much less studied, prob- 
ably due to the inherent difficulties in controlling not only the 
chemo- but also the regioselectivity of the process. The first 
examples of an intermolecular cycloaddition with allenes and 
carbophilic catalysts were reported in 2009 by Iwasawa and 
consisted of an intermolecular (3 + 2) cycloaddition between 
allenes and enol silyl ethers, catalyzed by a platinum(II) cata- 
lyst [108]. Only in 201 1, were the first examples with gold cata- 
lysts reported. In particular, an intermolecular (4 -I- 2) cycload- 
dition was described by our group between allenamides 61 and 
conjugated dienes 62 (Scheme 32); a process that provided a 
straight entry to a variety of differently substituted cyclohex- 
enes 63, and took place with excellent regio- and diastereose- 
lectivity [109]. Almost simultaneously a (4 + 2) cycloaddition 
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Scheme 31 : (3 + 2) versus (2 + 


2) Cycioadditions of ailenenes [106]. 
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Scheme 32: Gold(l)-cataiyzed intermolecular (4 + 2) cycloaddition of allenamides and acyclic dienes [109]. 
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between allenyl ethers and dienes was also reported by Goeke 
using Ph3PAuCl/AgSbFg as catalyst, although the scope was 
somewhat more limited. The mechanistic pathways of these 
reactions are under study (Scheme 32) [110]. 

Conclusion 

In conclusion, in recent years there have been extraordinary 
advances in the development of gold-catalyzed cycloaddition 
reactions. The distinctive properties of these metal complexes 
compared to other, more conventional, transition metal cata- 
lysts (e.g., those based on Rh, Ir, Pd, Ru or Ni complexes) and, 
in particular, their high carbophilicity and ability to stabilize 
carbocationic intermediates, has allowed researchers to under- 
cover new types of selective and very efficient cycloaddition 
reactions that would otherwise be unfeasible. Additionally, the 
scope and versatility of previously reported transition metal- 
catalyzed cycloaddition reactions (e.g., those based on tungsten 
or platinum catalysts) could be enhanced by using new gold 
catalysts. In the future, the current catalogue of cycloaddition 
reactions catalyzed by gold complexes, and in particular the 
number of enantioselective versions promoted by chiral gold 
complexes, is expected to grow. 
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